In this work, we compare IASI-retrieved vertical water vapour profiles and related precipitable water over a complex region, namely the Rhine Valley area, during the pre-operational period of IASI exploitation (JuneAugust 2007). Both IASI water vapour mixing ratio profiles and integrated water vapour content are retrieved from L1C radiances spectra using two techniques and compared with water vapour related observations acquired during the Convective and Orographically-induced Precipitation Study (COPS) field campaign that took place in this area at that time (i.e. lidars, radiosoundings and a global positioning system -GPS -station network). This work addresses the issue of IASI vertical spatial resolution and its capability to detect twolayer water vapour structures such as those observed in a mountainous area and which play an important role in convective initiation or inhibition. We found that this capability mostly relies on the type of a-priori background vector (climatology or space-time colocated ECMWF analysis), which is used within the retrieval scheme. Systematic comparison of water vapour products derived from 71 IASI spectra confirms that IASI can retrieve water vapour amounts in 2 km width layers, in the lower troposphere, with an accuracy of approximately 10%.
Introduction
High-quality water vapour and temperature observations are necessary to improve our understanding of the Earth's climate system, as well as to improve weather forecasts. Water vapour is not only the most important greenhouse gas in the atmosphere, but also plays a key role for the comprehension and prediction of most important weather processes from convective initiation, to the formation of clouds and precipitation, to the formation of severe storms. Deeper process understanding and better model representation require high quality water vapour observations featuring global coverage and a previously unachieved accuracy and resolution. Satellite remote sensing has a great potential to provide global coverage of water vapour measurements. Passive remote sensors in the infrared and the microwave regions have been used to retrieve water vapour since the early 1970s. The Advanced Very-High Resolution Radiometer (AVHRR, versions 1-3), the High-Resolution Infrared Radiation Sounder (HIRS, versions 1-3) and the Microwave Sounding Unit (MSU), the latter being replaced by the Advanced Microwave Sounding Unit (AMSU) since 1998, have been operational on-board NOAA TIROS satellite series, with the last launch in 2004 (NOAA 18), while upgraded versions of the AVHRR and HIRS sensors are presently flying on-board the MetOp Satellites 1-3. These three sensors, forming the TIROS Operational Vertical Sounder (TOVS) unit, are characterized by a limited accuracy and vertical resolution e.g. (CHÉDIN et al., 1993) which do not reach the required level of water vapour data quality needed for climate studies and have a limited impact in numerical weather prediction (NWP) models through data assimilation (GÉRARD et al., 2004) . Conversely, the Infrared Atmospheric Sounding Interferometer (IASI), (HILTON et al., 2012) , also carried on the MetOp satellite, is probably at date the most advanced instrument in space for remote characterization of atmospheric temperature and humidity. Marking a significant technological step forward, it provides water vapour and temperature profiles with much higher accuracy and resolution than previous satellite-borne instruments.
Previously, the potential of IASI measurements in comparison with active remote sensing from space using a differential absorption lidar (DIAL) was studied in WULFMEYER et al. (2005) using synthetic data and retrievals. Furthermore, the potential of a space borne DIAL was demonstrated in DI .
The present paper is dedicated to a comparison of IASI water vapour products with measurements performed by a variety of sensors in the framework of the Convective and Orographically-induced Precipitation Study (COPS) (WULFMEYER et al., , 2011b . The comparison effort involves measurements from the global positioning system (GPS, both in terms of column integrated water vapour and tomography-derived water vapour mixing ratio profiles), radiosondes and a variety of lidar systems deployed at the different so-called supersites.
The capability of in-situ sensors for the verification of spaceborne sensors has been studied extensively within the scope of WMO intercomparison campaigns (NASH et al., 2010 with further references). Generally, if the recommended corrections are applied, Vaisala RS92 soundings should have an rms error less than 10% in the troposphere. However, this does not remove errors by different sampling of air masses in space and time within respect to the IASI profiles, which makes comparisons with soundings very challenging. In contrast, active remote sensing techniques such as Raman lidar e.g., and differential absorption lidar (DIAL) (WULFMEYER and BÖ SENBERG, 1998; BRUNEAU et al., 2001a,b; BEHRENDT et al., 2009 ) deliver vertical profiles with high temporal and spatial resolution and errors less than 5% throughout the troposphere. This was confirmed during a variety of intercomparison campaigns in the US at the SGP site with the ARM program (REVERCOMB et al., 2003) during the IHOP-2002 campaign (BEHRENDT et al., 2007a,b) and recently during COPS (BHAWAR et al., 2011) . This makes Raman lidar and DIAL excellent candidates for the verification of spaceborne sensors.
A large amount of measurement techniques and numerical simulations have been employed during the COPS campaign. For the objective of comparison with IASI water vapour products, we focused on a small part of this data, which consist of GPS measurements (both integrated water vapour columns and water vapour tomography-derived profiles), radiosoundings and lidar water vapour profiles. We used a colocation criterion for the lidar and radiosondes comparisons of +/-90 minutes on a spatial grid to ensure that enough comparisons with the IASI retrieved profiles can be carried out.
According to POUGATCHEV et al. (2009); CALBET et al. (2011) , this time-space window may not be enough to ensure a layer-to-layer comparison between profiles in the sense that we need to assess the co-location error before performing any kind of evaluation of the IASI retrieval accuracy. However, the H 2 O profile shape (we mean single layer or two-layer structure) is not expected to change over these time-spatial scales (see, e.g. (GRIECO et al., 2007) , which still allows us to address the issue of IASI vertical spatial resolution. In contrast, the GPS tomography profiles are calculated exactly at the position of the IASI observation.
Bearing this in mind, a first objective of this study is to compare the IASI water vapour profiles retrievals done at LATMOS (Laboratoire Atmosphères, Milieux, Observations Spatiales, Paris, France) and DIFA (Dipartimento di Ingegneria e Fisica dell'Ambiente, Universit'a degli Studi della Basilicata, Potenza, Italy) based on two techniques built around the optimal estimation method but which differ in several aspects (spectral range, a priori determination, retrieval strategy and so on).
A second objective is to compare the IASI retrievals with water vapour profiles obtained by high vertical spatial resolution techniques, which are based on lidar and radiosonde observations performed during the COPS campaign. The comparison is mostly intended to check the capability of IASI in resolving two-layer water vapour structures in the lower troposphere e.g. see (GRIECO et al., 2007) . This capability is important for studying and better understanding the convection process, but is also interesting for assessing the potential use of IASI water vapour fields for the derivation of atmospheric motion vectors. Finally, total columns have also been compared for the LATMOS and DIFA retrievals techniques and with GPS total column measurements.
The paper is organized as follows. Section 2 is devoted to the description of data, techniques and methods. A brief overview of the COPS campaign is presented in section 2.1, while section 2.1.1 to 2.1.4 describe lidar and GPS systems used during the campaign. IASI data and related methods are shown in sections 2.2 to 2.2.2. Results are shown in section 3, while conclusions are drawn in section 4.
Data

COPS campaign overview
The COPS international field campaign took place from 1 June to 31 August 2007 in a low-mountain area in southwestern Germany/eastern France covering the Vosges mountains, the Rhine valley and the Black Forest mountains (6-11°E, 47-50°N, see Fig. 1 ) . The main scientific goal of the COPS campaign was the identification of the physical processes responsible for the quantitative precipitation forecasting in low-mountain regions. During the 3-month long campaign, a large suite of state-of-the-art meteorological instrumentation was operated WULFMEYER and BEHRENDT, 2007) .
This includes networks of in situ and remote-sensing systems such as GPS stations as well as a synergy of multi-wavelength passive and active remote-sensing instruments such as advanced radar and lidar systems.
An impressive collection of instrumental set ups were concentrated in five so-called supersites along a westto-east transect (see Fig. 1 ) at the Vosges mountains (supersite V), Rhine valley (supersite R), Hornisgrinde mountain site (supersite H), Murg valley (supersite M) and Deckenpfronn close to Stuttgart (supersite S). The positions of these supersites are listed in Table 1 .
During three months, 18 intensive observational periods totalling 37 days operation and eight additional special observational Periods were performed, providing a comprehensive dataset covering different forcing conditions. The collected data set covers the entire evolution of convective precipitation events in complex terrain from their initiation, to their development and mature phase until their decay. It is demonstrated that COPS research provided new insight into key processes leading to convection initiation and to the modification of precipitation by orography as well as in the improvement of quantitative precipitation forecasting by the assimilation of new observations (BAUER et al., 2011; BEHRENDT et al., 2011b; BIELLI et al., 2011; CORSMEIER et al., 2011; RICHARD et al., 2010; YAN et al., 2009) , and in the performance of ensembles of convection-permitting models in complex terrain (BAUER et al., 2011) .
BASIL Raman lidar
During COPS, the Raman Lidar system BASIL (UV BASIlicata Raman Lidar system at DIFA) was deployed in Achern (Rhine valley, Supersite R, Lat: 48.64°N, Long: 8.06°E, Elev.: 140 m) and operated from 25 May to 30 August 2007, collecting more than 500 hours of measurements, distributed over 58 measurement days and 34 intensive observation periods. The major feature of BASIL is in its capability to perform high resolution and accurate measurements of atmospheric temperature and water vapour, both during the daytime and at nighttime, based on the application of the rotational and vibrational Raman lidar techniques in the UV spectral range , 2006 , 2009a .
Besides temperature and water vapour, BASIL provides measurements of the particle backscattering coefficient at 355, 532 and 1064 nm, the particle extinction coefficient at 355 and 532 nm and particle depolarization at 355 and 532 nm. The experimental set-up of BASIL was described in various papers (DI GIROLAMO et al., 2009a,b; MAESTRI et al., 2010) . Moreover, the Raman lidar technique for the determination of the water vapour mixing ratio profile has been extensively discussed in the literature (for a recent review, see (WHITEMAN, 2003) ).
The water vapour mixing ratio can be obtained from the power ratio of water vapour to molecular nitrogen vibrational Raman signals. This ratio needs to be calibrated through an independent measurement, which is usually provided by radiosonde, GPS or microwave radiometer measurements. Specifically, during COPS the calibration was performed using an extensive comparison of the water vapour mixing ratio data from the lidar and simultaneous radiosondes (Vaisala RS92 radiosondes were considered for this purpose (BHAWAR et al., 2011) .
Vertical and temporal resolution of BASIL raw data are 15-30 m and 5-60 sec, respectively. However, in order to reduce signal statistical fluctuations, time integration and vertical smoothing are applied to the data. For a time resolution of 10 min and a vertical resolution of 150 m, nighttime water vapour mixing ratio measurement uncertainty is typically 2% at 4 km and 7% at 7 km (based on 13 distinct profiles used in 23 comparisons), while daytime uncertainty is typically 10% at 4 km and 20% at 5 km (based on 4 profiles used in 8 comparisons). Examples of measurements from BASIL during COPS are reported in DI GIROLAMO et al. (2012a,b) ; BENNETT et al. (2011); BEHRENDT et al. (2011b); KIEMLE et al. (2011) .
Rameau Raman lidar
The Rameau lidar has been developed by the Institut National de l'Information Géographique et Forestière (IGN) in cooperation with the Laboratoire Atmosphères, Milieux, Observations Spatiales (CNRS-UPMC). It is equally referred to, in the text or figures, as the Rameau lidar or IGN/SA lidar. The system is intended to be operated in combination with GPS receivers to improve troposphere modelling (BOSSER et al., 2007) . The Rameau lidar was operational during COPS at supersite V during the entire month of July 2007, for a total of about 200 h covering 25 measurement sessions. While the system was originally intended to operate both at night and in daytime, technical problems prevented it from performing precise daytime water vapour measurements, and observations were therefore limited to night-time and nightto-day and day-to-night transitional periods.
The system, enclosed in a van, uses a tripled Nd:YAG laser (355 nm), with an average power of about 0.8 W. The elastic (355 nm) and Raman components (387 nm for molecular nitrogen and 408 nm for water vapour) are spectrally isolated with narrow-band (0.4 nm) interference filters. The transmission terms in the Raman equation are corrected with the aid of a standard atmospheric model (again midlatitude summer), while the temperature dependence of the Raman cross-section convolved with the interference filter band pass is currently neglected.
Humidity profiles are provided with a vertical resolution between 15 m and 300 m. Based on an integration time of 5 min, typical vertical range (with a random error smaller than 100%) for night-time measurements is 6-7 km. During daytime, measurement precision is severely reduced due to the high levels of solar irradiance: the vertical range is 1-3 km in the day-to-night transition period and drops to a few hundred metres in the middle of the day for a temporal resolution of 10 min or higher. The spatial and temporal integration grids with varying resolution as a function of altitude enable the improvement of the signal-to-noise ratio, especially in upper layers where backscattered signals are usually weak. Bias in water vapour mixing ratio estimates at low signal photo-counting rates due to fluctuations in the nitrogen signal in the denominator of the ratio are corrected using the methodology presented in BOSSER et al. (2010) . Finally, water vapour mixing ratio profiles are calibrated using nighttime collocated radiosondes launched at supersite V in the range 1-3 km (10 calibration sessions).
University of Hohenheim DIAL
The differential absorption lidar (DIAL) of the University of Hohenheim (UHOH) measures high-resolution profiles of atmospheric water vapour number density and particle backscatter ratio near 820 nm both during the day and at night (BEHRENDT et al., 2009 (BEHRENDT et al., , 2011b . The system consists of four novel components: A mobile laboratory mounted on a trailer, a high-power Ti:Sapphire laser transmitter (WULFMEYER and BÖ SENBERG, 1996) with~4 W average power and a repetition rate of 250 Hz during COPS (WAGNER et al., 2011; WAGNER et al., 2013) , a combination of a small near-field and a large far-field telescope (20 and 80 cm diameter primary mirrors, respectively), efficient detectors, and a highspeed data acquisition system which were developed within three interlinked projects of the German Research Foundation by UHOH, DLR Oberpfaffenhofen, Institute for Tropospheric Research Leipzig, and University of Potsdam. During COPS, the system was operated for the first time. The UHOH DIAL provides the highest resolution remote sensing data of water vapour worldwide to date see BEHRENDT et al. (2009) .
DIAL is a technique which measures the water vapour number density by alternate emission of short laser pulses which are either absorbed strongly by water vapour in the atmosphere (online) or which are not absorbed (offline) and by time-resolved detection of the atmospheric backscatter signals. The UHOH DIAL employs laser radiation in the near IR between 815 and 820 nm, a spectral region where several water vapour absorption lines are present and can be optimally selected according to the range of interest and the amount of humidity present in the atmosphere. With the water vapour absorption coefficient for the online radiation known from high-accuracy laboratory measurements, the ratio of the online and offline atmospheric backscatter profiles alone provides a profile of the water vapour number density. Consequently, no calibration of the DIAL data needs to be performed making this water-vapour active remote sensing technique very accurate.
The backscatter profiles of the DIAL are stored for each laser pulse, i.e., with 250 Hz, and a range-resolution of 3 m up to 20 km range. Thus maximum freedom is possible in post-processing of the data. The data products of the DIAL are profiles of water vapour number density with typical resolutions of 15 to 150 m with a temporal resolution of 1 to 10 s. But spatial and temporal resolution can be traded off against each other.
Based on the work of BEHRENDT et al. (2007a,b) , validation efforts were carried out with the COPS water vapour lidar measurements (BHAWAR et al., 2011) . It was found that the relative mean bias of the UHOH DIAL water vapour data to the other water vapour lidars employed during COPS is only -1.4%.
GPS
As part of the COPS instrumental set-up, the existing permanent GPS networks were enhanced with temporary From raw GPS data, surface temperature and surface pressure, the retrievals of integrated water vapour has been extensively described in the literature since BEVIS et al. (1992) and SAASTAMOINEN (1972a SAASTAMOINEN ( ,b, 1973 . More details about the GPS data processing done with GAMIT software (KING and BOCK, 2009 ) can be found in CHAM- POLLION et al. (2009) . As the processing strategy remains identical except for the Vienna Mapping Function (BOEHM and SCHUH, 2004) , no emphasis is done on the GPS data processing. Typical errors in GPS integrated water vapour retrievals show a bias of 1-2 kg/m 2 and rms of 2 kg/m 2 (NIELL et al., 2001 ). The LOFTTK GPS tomography software has been described with all necessary details and compared with numerical models, radiosoundings and lidar (BASTIN et al., 2005; CHAMPOLLION et al., 2009) . Typical errors from the GPS tomography retrievals show a bias and a rms of about 2 g/kg in the lower troposphere below 4 km and of 0.7 g/kg in between 4-6 km . From raw GPS data, IWV and gradients and residuals are used to retrieve the water vapour between the ground GPS station and each GPS satellite in view every 5 minutes. A recursive least-square algorithm is used to retrieve the 4D field of water vapour every 15 minutes. The vertical resolution of the tomography grid is 0.5 km at the first level and increases up to 2 km at the altitude of 8 km. The horizontal grid has been refined to match the two different resolutions of the GPS network with a resolution of 10 km between the supersites and of 50 km in the entire COPS domain. The horizontal resolution is mainly defined by separation between the nearby GPS station. The main limitation of the GPS tomography is a lack of information about the vertical distribution of water vapour from integrated ground based measurements (FLORES et al., 2000; CHAMPOLLION et al., 2005) . Therefore, all radio-soundings from the COPS dataset are used during the tomography inversion without ground-based or airborne lidar data. The combination of an integrated continuous all weather system (GPS) with sparse local measurements (radio-soundings) is able to provide a realistic 4D field of water vapour at an intermediate spatial resolution.
IASI
The IASI instrument is a nadir-viewing Fourier transform spectrometer which records emission of the Earth atmosphere in the thermal infrared region (645-2760 cm The set of IASI observations we have considered for the present analysis consists of 174 IASI spectra, which have been acquired over the period June-August 2007 and are shown in Fig. 2 . These spectra were passed through the IASI stand alone scene analysis (SERIO et al., 2000; MASIELLO et al., 2002a MASIELLO et al., , 2003 MASIELLO et al., , 2004 GRIECO et al., 2007) for cloud screening. In the end, only 94 out of the original 174 spectra were considered for the retrieval of surface and atmospheric parameters. Of these 94 spectra, eventually 71 converged according to quality checks embedded within the retrieval schemes. These 71 spectra and related products formed the basis of the present inter-comparison.
In passing, we note that within the set of 174 original IASI observations, we were able to detect a series of IASI inverted spectra (see Fig. 3 ), in which the strong CO 2 absorption near 14 lm and ozone absorption at 9.6 lm are seen in emission relative to cold cloud tops in the 8-12 lm spectral range in atmospheric window channels. These inverted spectra occurred on the night of 23 July 2007 and show evidence that an overshooting convection was acting at that time. Overshooting convection happens when the cloud top reaches the level of the tropopause, an event which can yield extremely heavy rain Meteorol. Z., 22, 2013 G. Masiello et al.: Comparison of IASI water vapour products and is normally found in the tropical region. Fig. 3 shows that overshooting convection can also occur at mid-latitudes and IASI is capable of detecting these extreme meteorological events.
IASI-L1C water vapour profile retrievals at LATMOS
For the purpose of this study, water vapour profiles are retrieved from the L1C IASI apodized radiance spectra using the Atmosphit software developed at Université Libre de Bruxelles, Belgium (BARRET et al., 2005a,b; COHEUR et al., 2005) based on a line-by-line radiative transfer calculation and the application of the Optimal Estimation Method (RODGERS, 2000) . The theoretical elements underlying such a method are similar to HERBIN et al. (2009) and LACOUR et al. (2012) . The H 2
16
O profiles are retrieved on 10 discrete vertical layers, extending from the ground up to 20 km in 2 km intervals (e.g., 0-2, 2-4, ..., 18-20 km). In the spectral range used, the surface temperature, and the tropospheric columns of HDO, H 2 17 O, H 2 18 O, CO 2 , CH 4 , HNO 3 , N 2 O, are adjusted simultaneously. However, the effect of these parameters on the water vapour retrieval is very weak as shown in Fig. 4 . The temperature profiles and surface emissivity are treated as non-retrieved parameters. The a priori values and variabilities of all parameters are detailed hereafter.
For this study, we constructed the background vector and covariance matrix in the following way. To begin with, the a priori vector has been derived from the absolute humidity profiles, / in the ERA (ECMWF Re-Analysis)-Interim data (see Fig. 1 for the size of the domain over which the a priori vector was computed). The humidity profiles were converted into water mass mixing ratios using Tetens's formula (TETENS, 1930) to determine the water equilibrium vapour pressure p where T is the temperature (in K). From the water equilibrium vapour pressure, we can determine the water vapour mass mixing ratios, using
where q is the specific humidity and c ¼ R
spec is the ratio of the dry air specific constant over the water vapour specific constant.
The a priori state vector, x a and its corresponding variance-covariance matrix, C a were built using ERAinterim mixing ratio profiles on a 1 km grid going from 0 to 20 km. This data covers a three year period ( [2004] [2005] [2006] , focused on the three months of summer (June to August) on a spatial range of 46.5-51°N; 3-12°E (Fig. 1 ) on a 0.75°· 0.75°grid. The reduced a priori variance-covariance matrix, S a is
This method ensures the possibility of starting the retrievals with good a priori knowledge of the concentrations of water vapour without being too much of a constraint (see Fig. 5 ). Other a priori vectors as well as other covariance matrices have been tested, but showed no significant impact on the retrievals. This can be explained by the fact that the smoothing error is of the same order of magnitude as the measurement error in the lower atmospheric layers.
As far as the forward model is concerned, spectroscopic parameters derived from the HITRAN 2008 database (ROTHMAN et al., 2009) ), which is the typical IASI radiometric noise for the spectral range used in the analysis.
As far as values and settings regarding model parameters, land surface temperatures were derived from the MODIS Terra data on a daily basis. Emissivities were also derived from MODIS Terra on a monthly basis. They were calculated following equation (12) proposed by WANG et al. (2005) .
Temperature profiles came from the DIFA retrieval (see Section 2.2.2). IASI DIFA profiles were compared to those retrieved from GPS tomography, and appeared to show rather small overall differences. They also helped in minimising the air temperature bias associated with LATMOS profiles a posteriori with respect to the GPS tomography temperature profiles. They were treated as equivalent to level 2 IASI temperature profiles, assuming an uncorrelated uncertainty of 1 K for each retrieved layer. For the other model parameters, we used climatology and the uncertainty associated is that specified in HERBIN et al. (2009) .
Following RODGERS (2000), who expands the retrieval error in its components (smoothing error, model parameter error and retrieval noise), Fig. 5 shows the contribution to the retrieval (total) error from the various sources of noise. The error analysis has been averaged over the 71 retrieved water vapour profiles. The first thing to be pointed out is that the interfering species (model parameters) have a minor impact on the retrieval error for the water vapour profile, which is in agreement with the previous work of HERBIN et al. (2009) . It can also be seen that the total error is slightly larger than what has been shown in HERBIN et al. (2009) with a value close to 20% below 12 km. This is mainly due to the difficulty in performing a meaningful retrieval near the surface over complex terrain like the one present in the COPS area. The largest errors are observed in the 1-7 km and the 11-15 km layers where the main contributions are due to errors in air temperature (mainly in the 1-5 km layer) and smoothing (mainly in the 11-15 km layer, see Fig. 6 ). The contribution of the smoothing error is depicted in Fig. 6 which shows the lack of resolution above 11 km. Fig. 6 also shows that the states retrieved in the altitude range 1-11 km are a good description of the real state at that altitude range. 
IASI-L1C water vapour profile retrievals at DIFA
The retrieval products for this experiment are obtained with the DIFA u-IASI package (GRIECO et al., 2007; MASIELLO et al., 2009; MASIELLO and SERIO, 2013) which is intended to generate IASI synthetic spectra and for the inversion of the following geophysical parameters: surface temperature and emissivity, temperature and water vapour profiles, low vertical resolution profiles of ozone, carbon monoxide, methane, and nitrous oxide. This package is intended to provide a kit of models to address research issues on inversion methodology (including Tikhonov and/or Rodgers regularization, Levenberg-Marquardt least-square minimization) and radiative transfer (including generation of analytical derivative matrices, impact of new spectroscopy).
The package has been the subject of various scientific papers and, in addition, it has been extensively validated using aircraft and satellite high spectral resolution infrared observations recorded with Fourier transform spectrometers (GRIECO et al., 2007; TAYLOR et al., 2008) .
It consists of a stand-alone cloud detection scheme (MASIELLO et al., 2002b ), a forward model, r-IASI (AMATO et al., 2002 ) and an inverse model, d-IASI (CAR- ISSIMO et al., 2005 ).
The forward model, which we call r-IASI, consists of a monochromatic radiative transfer model which has been designed for the fast computation of spectral radiance and its derivatives (Jacobian) with respect to a given set of geophysical parameters. It computes monochromatic radiances from look-up-tables of monochromatic layer optical depth generated by the line-by-line radiative transfer model LBLRTM (CLOUGH et al., 2005) . The atmospheric layering embedded in r-IASI consists of 60 pressure layers extending from 1050 to 0.005 hPa. In the middle-to-lower troposhere, the layering enables us to perform forward/inverse calculations on a mesh with a grid step better than 1 km.
The inverse module, which we call d-IASI, implements a non-linear inversion procedure, needs to be properly initialized as there may be multiple solutions due to the ill-posed nature of the retrieval problem. For the present study, the initialization is provided by the Empirical Orthogonal Function (EOF) statistical retrieval approach described in GRIECO et al. (2005) ; SERIO et al. (2009) .
The basic implementation of the inverse scheme follows Rodgers's statistical regularization method (RODGERS, 1976) . However, an additional regularization parameter (CARISSIMO et al., 2005; MASIELLO and SERIO, 2013 ) is introduced in the inverse scheme, which improves the retrieval accuracy and constrains the step size of Newton updates in such a way as to iterate towards the likely region of the inverse solution (GRIECO et al., 2007; CARISSIMO et al., 2005; MASIELLO and SERIO, 2013) . For the background vector, we use the EOF retrieval for the surface temperature and temperature profile, whereas the time-space colocated ECMWF analysis is used for water vapour and ozone. The covariance matrix is the forecast error obtained from the EOF regressions scheme. The EOF regression scheme is tuned with the Chevallier ECMWF data set (CHEVALLIER, 2001 ). We do not use the ECMWF analysis error because this provides too tight of a constraint. Also, as said, our scheme uses an additional regularization parameter that tries to balance the covariance matrix on the basis of the given observations (CARISSIMO et al., 2005) . For the purpose of developing a suitable background for emissivity, we use the University of Wisconsin (UW) Baseline Fit (BF) Emissivity database (UW/BFEMIS database, e.g. http://cimss.ssec.wisc.edu/iremis/ (SEEMANN et al., 2008; MASIELLO and SERIO, 2013) .
For the present study, the retrieved state vector includes: surface temperature and emissivity, temperature, water vapour and ozone profiles. The columnar amount of water vapour or equivalently the precipitable water, pw is directly obtained through integration over the estimated water vapour mixing ratio,qðpÞ, according to
where p o is the pressure at the ground level,qðpÞ is the water vapour mixing ratio profile (kg/kg), g = 9.81 m s À2 is the acceleration of gravity at sea level. Using International System units, the above integral is in kg m À2 . Since, the water vapour profile is obtained at N = 60 atmospheric layers, we have where S(i, j), i, j = 1, . . ., N are the elements of the water vapour a-posteriori covariance matrix. The precision can depend on the given retrieval. However, normally it is less than 1.0 kg m
À2
. For the present study, the following spectral ranges have been considered for the inversion of IASI data: 645 to 1250 cm
À1
; 1450 to 2260 cm
. At the IASI sampling rate of 0.25 cm
, this corresponds to a number of 5668 IASI spectral radiances. The observational covariance matrix is assumed diagonal. The diagonal is the wave-number dependent IASI radiometric noise. Further details about spectral ranges, the observational covariance matrix, background vector and covariance and the expected retrieval performance can be found (GRIECO et al., 2007; MASIELLO et al., 2009 MASIELLO et al., , 2012 MASIELLO and SERIO, 2013) , to which the interested reader is referred.
For the benefit of the reader, we note that the mean observed error in the lower troposphere (0-6 km) is 0.6 g/kg (11%) with values ranging from 0.08 g/kg to 0.84 g/kg, with a relative error ranging from 8 to 16%. Above 6 km, observed errors are between 0.002 g/kg and 0.05 g/kg, with relative differences increasing with altitude from 11% to 70% for the higher layer (0.05 hPa), and a mean value of 0.01 g/kg (40%).
As far as the vertical spatial resolution capabilities and properties of d-IASI are concerned, they have been assessed in GRIECO et al. (2007) in terms of degrees of freedom and averaging kernels. For water vapour, based on our typical background covariance matrix, we have 8-9 degrees of freedom for temperature, 7-8 for water vapour and 2-3 for ozone. Furthermore, in the first 3 km altitude range of the atmosphere, the spatial vertical resolution for water vapour is between 0.5-1 km. However, we have to caution that degrees of freedom and averaging kernels depend on the given background covariance matrix and cannot be assumed as a universal measure of the IASI capability for resolving spatial vertical structures of water vapour. It has been shown (GRIECO et al., 2007 ) that degrees of freedom characterizes the retrieval system and not the IASI capability to resolve vertical spatial structures. Nevertheless, degrees of freedom and averaging kernels tend to be associated as a universal measure of the performance of a given instrument (such as IASI) rather than the given retrieval method. For cases where an important atmospheric feature is unresolved, it is generally the fault of the retrieval methodology rather than the instrument itself (GRIECO et al., 2010) .
Water vapour comparisons
The comparisons between the different techniques are divided to two parts. The first part is dedicated to an assessment of the quality of the total columnar amount of water vapour by a comparison between the two IASI retrieval techniques (LATMOS and DIFA) presented in the previous section. These two methods are then compared to the GPS columnar amounts as measured during the COPS campaign.
The second part is dedicated to the comparison of the vertical water vapour profiles. As for the total columns, the comparison is done between the two IASI-based retrieval techniques, as well as with the GPS tomography measurements and the BASIL Raman lidar profiles. In addition, radiosoundings, DIAL and Rameau lidar comparisons are shown when data are available.
Comparisons are done using 71 IASI L1C spectra that were selected close to the COPS GPS stations (less than 6 km) in order to have the most accurate spatial colocation (see Fig. 1 ).
Total column comparisons
For what concerns the inner comparison between the two IASI retrieval techniques, the column integrated water vapour values are determined from the spectra using different spectral regions for the two methods as described in the previous section.
The comparison (Fig. 7a) shows a small positive bias (LATMOS column integrated values larger than DIFA's), but a very good overall agreement with a correlation coefficient of about 0.85 and a root mean square difference (RMSD, 2.56 kg/m 2 ) larger than the mean errors associated with the two retrieval techniques (2.30 kg/ m 2 and less than 1 kg/m 2 for LATMOS and DIFA retrieval, respectively). More details are in Tables 2 and 3. The comparisons between the GPS column integrated water vapour measurements and LATMOS and DIFA retrievals are illustrated in Fig. 7b and Fig. 7c , respectively. A positive bias is observed (IASI retrievals larger than GPS) for the two techniques (3.05 kg/m 2 or 15% in the case of LATMOS, 0.33 kg/m 2 or 2% in the case of DIFA), with a higher correlation coefficient (~0.92), which reveals an overall good agreement between the IASI retrieval methods and the GPS measurements.
The results obtained with two different and independent retrieval techniques show a good consistency which is strengthened by the comparison with the GPS measurements, even though in both cases a small positive difference with GPS observations is observed.
Profile comparisons
The second part of the comparison effort is mostly devoted to the capability of the two IASI retrieval methodologies to resolve double-layer water vapour structures in the lower troposphere.
All comparisons are expressed in terms of water vapour mixing ratio (g/kg). As for the column integrated contents, we also show a comparison between the IASI retrievals at LATMOS and DIFA. Comparisons with the COPS data involve different measurement techniques: specifically, radiosoundings and several remote sensing devices (BASIL Raman lidar, UHOH DIAL, Rameau lidar and GPS tomography). It should be pointed out that data from the UHOH DIAL, BASIL and the Rameau lidar data were integrated over ten minutes in order to reduce signal fluctuations and sampling errors for the comparisons. It is to be also pointed out that DIAL systems measure water vapour number density profiles, while Raman lidars measure water vapour mixing ratio. Water vapour mixing ratio profiles for the DIAL were calculated from the measured number density profiles using the conversion formula described by equation (1) in the previous work of BHAWAR et al. (2011) .
Because the various methods and techniques have quite different vertical spatial resolution, we have also projected the diverse profiles in the retrieval space of the LATMOS method, which is that with lower vertical spatial resolution (at best 2 m in the altitude range Table 2 : Mean and standard deviation for the water vapour columnar amount seen by the tomography (second column), d-IASI (third column) and latmos (fourth column). Mean and standard deviation of the columnar amounts have been calculated over the subset of 71 IASI spectra for which both the retrieval methodologies converged. The last row shows the results for the whole troposphere.
Altitude (km)
Tomo ( 0-20 km). This is done by degrading the higher resolution profiles by means of the smoothing function described by CONNOR et al. (1994) according to the following equation:
ð3:1Þ where x h is the higher resolution profile, A is the LATMOS averaging kernels matrix (see references (RODGERS, 2000; HERBIN et al., 2009) x a is the a priori and x s is the resulting smoothed profile, respectively. Before smoothing is done, profiles with missing values below 20 km are completed using a climatology profile calculated from the ERA Interim humidity profiles over the COPS region and time of operation, using the same methodology as described in the a priori building paragraph in section 2.2.1.
An example of retrieved profiles compared to COPS measurements is shown in Fig. 8 . This profile shows a simple single layer structure in the lower troposphere and all methods are capable of capturing this simple feature. The overall consistency is good also considering the imperfect co-location among COPS measurements and IASI observations. Much more interesting is the comparison provided in Fig. 9 , which shows two water vapour profile exhibiting a two-layer structure in the lower troposphere. For the case of the spectrum 92 recorded on 25 July 2007 at 20:24:36 UTC, we have a very large dry layer about 5 km in width. It is seen that DIFA retrieval easily detects this large dry structure. LATMOS is a bit more smoothed, which is easily explained because of the 2-km vertical grid mesh used by this method. Also, the smooth LAT-MOS representation in the same figure shows that DIFA detects very nicely the dry layer.
The second profile in Fig. 9 (corresponding to the date 31 July 2007, 20:00:34 UTC) is even more interesting, because the dry layer has now a width of less than 2 km, which is below the detecting capability of LAT-MOS. And in fact, this last scheme is not capable of revealing the double-layer structure. Conversely, DIFA is quite able to pick up the correct position of the dry layer. Given the approximate colocation, this is again a very good result. We think that this capability has not only to do with the finer vertical grid mesh of DIFA compared with LATMOS also reflects the fact the DIFA uses ECMWF analysis as the background vector for water vapour.
A comparison in terms of mean and standard deviation of the difference among the diverse schemes is here limited to LATMOS, tomography and DIFA, which are perfectly co-located with the IASI observations. A comparison is made by using the LATMOS vertical grid mesh as reference (this is made of layers with a constant width of 2 km). For the first 12 km altitude, the layerintegrated water amount is shown in Tables 2 and 3 . For the benefit of the reader, the same data points are graphically represented in the Fig. 10 .
The first interesting feature we can see from this figure is the fact that the most biased layer from the groundlevel, is the second one, e.g. layer 2-4 km. From Fig. 9 , this is the altitude range where the dry layer tended to develop the double-layer structure. It is also quite interesting to note that while the mean difference between GPS tomography (TOMO) and DIFA is limited to 0.4 mm, the TOMO-LATMOS and DIFA-LATMOS differences can reach values as high as 2 mm. A second interesting feature is that the standard deviation begins to be of the same order of the mean values as the altitude increases. This is also confirmed by the data shown in Table 3 , which shows the correlation coefficients layerby-layer between TOMO-DIFA, DIFA-LATMOS and TOMO-LATMOS. This analysis parallels that shown in SCHNEIDER and HASE (2011), although we use GPS-tomography instead of radiosonde observations and our target area consists of a complex surface, instead of a smooth sea surface. What we see from Table 3 is that the water vapour TOMO tends to be uncorrelated with IASI products above 8 km altitude. This is quite close to the tropopause height, where IASI is expected to have a poor sensitivity. In general, LATMOS and DIFA are well correlated, which is a good internal consistency check because both algorithms use the same observations.
Conclusions
We have performed a comparison study of IASI products to COPS campaign measurements, taken with different technology and methods.
IASI products were derived with two different algorithms, the first one (LATMOS) specialized for water vapour and the second one (DIFA) for the simultaneous retrieval of surface and atmospheric parameters. While LATMOS uses a coarse vertical grid in the lower troposphere (2 km width layers), DIFA is based on an atmospheric layering better than 1 km in the middle-tolower troposphere. The two also rely on a very different background vector and covariance. LATMOS uses climatology, DIFA (for water vapour) relies on the timespace colocated ECMWF analysis.
The comparison with water vapour profiles derived from vertical spatial resolution techniques and methods has allowed us to get a better insight into the capability of IASI of resolving two-layer structures in the lower troposphere. Mostly depending on the background, we have once more shown that infrared observations of high spectral resolution can resolve dry layers in the troposphere whose width can be as small as % 1.5-2 km. The comparison with GPS tomography shows that IASI retrieval accuracy is within 10% in the lower troposphere and in layers of 2 km width. A good accuracy is also confirmed in terms of precipitable water.
An inter-comparison between LATMOS and DIFA has shown to be internally consistent despite the two schemes relying on quite diverse background, retrieval strategy and number of IASI observations. Apparently, the superiority of DIFA in resolving structures in the lower troposphere is largely due to a better background. Finally, we have also shown that IASI can have the capability to detect overshooting convection, an issue which is left for further investigation. 
